We demonstrate for the first time that the quantum dot confined dark exciton is a natural, coherent and long-lived qubit. We optically "write" its spin state and successfully "read" its subsequent coherent evolution.
Abstract:
We demonstrate for the first time that the quantum dot confined dark exciton is a natural, coherent and long-lived qubit. We optically "write" its spin state and successfully "read" its subsequent coherent evolution. The fundamental optical excitation of a semiconductor quantum dot (QD) is an electron-heavy-hole pair with antiparallel spins -the 'bright' exciton (X 0 ). This two-level system was proposed as a realization of a qubit and a logical gate [1] and its coherent properties and functionality were experimentally demonstrated [2] [3] [4] [5] [6] . Its advantage over the electron and/or hole spin, is in its neutrality, and thus insensitivity to its electrostatic environment. Its disadvantage is its short lifetime due to radiative decay.
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A second type of exciton is that in which the electron and the heavy-hole spins are oriented parallel to each other. In this case, a single photon cannot take the total spin, and the pair is optically inactive, forming a 'dark' exciton. Like the bright one, the dark exciton is neutral. Its lifetime, however, is orders of magnitude longer.
Due to the exchange interaction between the electron and the hole, dark excitons are lower in energy than bright ones. Thus, at low temperatures, they are protected from a spin flip of one of their constituents. Their interaction with the nuclear spins, the main source of spin decoherence in semiconductors, is therefore comparable to that of heavy holes [7] . This constitutes substantial advantage for their implementation as qubits. Moreover, since the electron-hole exchange interaction acts transversally to the nuclear fields, the dark exciton's coherence properties are further improved in comparison with that of heavy holes. Finally, since the electron and hole g-factors are opposite in sign [8] , the dark exciton interaction with the nuclear field is further reduced, compared with that of the electron, hole or the bright exciton. Therefore, the dark exciton's coherence properties are expected to be better than those of either, the electron, the hole or the bright exciton.
The main obstacle for utilizing the QD-confined dark exciton as a qubit is its optical inaccessibility. Yet, we succeeded to efficiently access this novel, coherent qubit, as we will demonstrate, in this post deadline submission.
A key to our success is the identification of a new metastable biexciton state which allows us to circumvent the difficulty in accessing the dark exciton. This metastable state can be excited quite efficiently by using two resonantly tuned, co-circularly polarized laser pulses. As explained in Fig. 1(a) below, we succeed in "writing" the dark exciton spin state |+2〉 (|-2〉) by the detection of a right (left) circularly polarized photon emitted from this metastable biexciton state (XX 0 T±3 ) in which the two heavy holes are in a triplet state with parallel spin projections, blockaded from relaxation to the singlet ground state.
Due to the short range exchange interaction between the electron and the hole, the |±2〉 spin states are not eigenstates, but rather coherent superpositions of the dark exciton's eigenstates -the symmetric and anti-symmetric spin configurations: |S〉=1/√2(|+2〉+|-2〉), |A〉=1/√2(|+2〉-|-2〉) . Consequently, the dark exciton's spin starts to precess [ Fig. 1(b) ] in a frequency given by the exchange interaction energy divided by the Planck constant.
The dark exciton does not recombine radiatively. Thus, optical readout of its spin state requires an additional mediating process. We use charge carriers' tunneling into the QD [ Fig.1(c, d) ], for that purpose. Charge tunneling can be induced externally, at will [9] . In our demonstration, however, we take advantage of spontaneous charge tunneling due to optical deionization of impurities near by the QD [10] . We control the charging rate by tuning the energy and the intensity of the exciting light [10] .
Pauli's exclusion principle dictates that an electron (hole) may tunnel into the QD forming thus a negatively (positively) charged exciton, X -1 (X +1 ), if and only if its spin is anti parallel to that of the dark exciton's electron a3598_1.pdf
OSA / CLEO/QELS 2010

QPDA9.pdf
978-1-55752-890-2/10/$26.00 ©2010 IEEE (hole). Therefore, the tunneling probability depends on the temporal evolution of the dark exciton's spin direction. After the carrier tunnels, the resulting charged exciton decays radiatively by emitting a photon whose circular polarization depends on the spin direction of the unpaired carrier at the tunneling time [ Figs. 1(c, d) ]. We demonstrate these ideas experimentally, using time resolved, polarization sensitive, intensity correlation measurements between the XX 0 T±3 spectral line and either the X +1 or the X -1 spectral lines. The polarization in which the XX 0 T±3 photon is detected determines the state in which the spin of the dark exciton is prepared, or "written". The polarization in which the X -1 (or the X +1 ) photon is detected determines the direction upon which the dark exciton spin is projected ("readout"), at the charge carrier's tunneling time.
The measured, background subtracted, degree of circular polarization of the charged exciton photon as a function of time after the detection of a circularly polarized photon from the XX 0 T±3 metastable biexciton is given in Fig. 2 for both the X +1 (hole tunneling -red circles) and X -1 (electron tunneling -blue squares). The polarization degree measures the projection of the dark exciton's spin state on the growth axis, at the tunneling time.
From this measurement, we obtain the precession period (2.9±0.2 nsec). This period yields 1.4±0.1 µeV for the dark exciton's fine structure. Our work is therefore also the first to directly measure the short range electron-hole exchange interaction in this technologically important material system [8] . The similarity between the dark exciton fine structure and the radiative width of the metastable biexciton (~1.3µeV from its ~1 nsec decay time) is in perfect agreement with the measured degree of polarization (~50%, see Fig. 2 ). Clearly, the state maintains its coherence within the entire temporal window set by our measurement method. We therefore demonstrate, for the first time, a novel, long-lived, with long coherence time solid state qubit. We also provide methods for easily accessing this coherent solid state qubit by external probes. 
